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FOREWORD 
This program w a s  conducted by Arthur D. L i t t l e ,  Inc., f o r  t h e  Product 
Engineering and Process Technology Laboratory, NASA-MSFC, under Contract 
No. NAS8-26637. 
Selection--included J. Berkowitz, R. Kent, P. Johnson, J. Milgrom, E. Pe te rs ,  
and A. Wechsler. 
w a s  performed by D r .  E. Peters and M r .  P. Johnson, with a s s i s t ance  of 
D r .  J. Berkowitz, D r .  A. Wechsler and M r .  F. Galligani.  M r .  David Marchant 
of t he  Massachusetts I n s t i t u t e  of Technology a s s i s t e d  i n  pore d i s t r i b u t i o n  
measurements. 
P r inc ipa l  ADL p a r t i c i p a n t s  i n  Phase 1--Preliminary Sample 
The evaluation of f l i g h t  and con t ro l  samples  i n  Phase 2 
The guidance, support and suggestions of M r .  H. Wuenscher, I. C. Yates, 
P. Schuerer, and F. Beyerle of NASA-MSFC throughout t h e  work were instrumental  
i n  achieving t h e  des i red  program r e s u l t s .  
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I. SUMMARY 
A. PURPOSE AND SCOPE 
The objec t ive  of t h i s  program w a s  t o  assist the  Product Engineering 
and Process Technology Laboratory, George C. Marshall Space P l i g h t  Center, 
NASA, i n  t h e  design and implementation of t h e  Composite Casting Demonstration 
performed during t h e  Apollo 14 mission. 
I n  the  f i r s t  phase of t he  program, we screened inorganic and organic 
materials f o r  s u i t a b i l i t y  as simulants f o r  m e t a l  matrix and as immiscible 
l i qu id  composites. 
t he  s o l i d i f i c a t i o n  behavior, wetting, chemical compat ib i l i ty  and flammability 
c h a r a c t e r i s t i c s  of se lec ted  materials. These materials were not  used i n  the  
f l i g h t  test program. 
We conducted preliminary labora tory  tests t o  determine 
In the  second phase, we conducted a pos t - f l igh t  examination and evalua- 
t i on  of Samples 4, 7 and 8 t h a t  were processed i n  space as p a r t  of t h e  cast- 
ing demonstration experiment of Apollo 14; t h i s  included a comparison with 
the  e a r t h  processed con t ro l  samples. Our examination consisted of i n i t i a l  
charac te r iza t ion ,  metallographic study by o p t i c a l  and e l ec t ron  microscopy, 
chemical ana lys i s ,  X-ray d i f f r a c t i o n  ana lys i s ,  and pore s i z e  and volume 
d i s t r i b u t i o n  measurements. 
observations and made recommendations f o r  performing subsequent composite 
cas t ing  experiments i n  space. Most of t he  program e f f o r t  was  devoted t o  
charac te r iza t ion  of t he  f l i g h t  and con t ro l  samples. 
We conducted labora tory  tests t o  confirm se l ec t ed  
B. RESULTS 
Phase 1 - Candidate Materials 
Candidate materials screened included inorganic salt  hydrates, salt  
eu tec t i c s ,  fluorocarbons, organic phosphates and silicates, and low melting 
organics. Four materials--cobalt nitrate, tri-p-tolylphosphate, decafluoro- 
biphenyl and benzophenone--were se l ec t ed  f o r  labora tory  tests. 
n i t r a t e  and decafluorobiphenyl w e r e  t he  most promising of t hese  materials. 
The major p o t e n t i a l  problem with cobal t  n i t r a t e  is its chemical r e a c t i v i t y  
Cobalt 
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( a b i l i t y  t o  act as an oxid izer ) ;  decafluorobiphenyl must be more f u l l y  
evaluated f o r  p o t e n t i a l  t o x i c i t y  and flammability. 
Phase 2 - Apollo 1 4  Samples 4,  7 and 8 
Sample 4--Copper-Coated S i c  Whiskers, Argon Gas, In-Bi Eutec t ic  
The objec t ive  of t h i s  demonstration w a s  t o  achieve a uniform dis -  
t r i b u t i o n  of a s o l i d  (whiskers) and a gas (argon), both having d i f f e r e n t  
d e n s i t i e s  from t h e  matrix, by d i r e c t i o n a l  s o l i d i f i c a t i o n  of t h e  matrix 
i n  zero-g. 
e u t e c t i c  with t h e  e u t e c t i c  lamellae and t h e  whiskers aligned along the  
a x i s  of t he  sample. 
The material would thus cons i s t  of a fiber-reinforced foamed 
Control Sample 
The bottom f i f t h  of the  sample w a s  f u l l y  dense with no S i c  whiskers 
or argon bubbles. There w a s  micros t ruc tura l  con t inu i ty  across t h i s  
boundary and the  top porous region even though the  s t r u c t u r e s  a t  some 
d is tance  on e i t h e r  s i d e  of t he  boundary are d i f f e r e n t .  
t h a t  t h i s  boundary is  not due t o  incomplete melt-back; a l so ,  such a 
planar melt-back i n t e r f a c e  i s  not expected from t h e  r a d i a l  hea t  source 
which w a s  employed. This ex is tence  of t h i s  boundary appears t o  be  the  
r e s u l t  of g rav i ty  separa t ion  of t he  gas bubbles. 
This suggested 
The S i c  whiskers do not appear t o  be w e t  by t h e  molten a l l o y ;  most 
of them w e r e  found on t h e  outs ide  sur faces  of t h e  sample. The few 
whiskers located i n  t h e  matrix were randomly aligned wi th  respec t  t o  
the  e u t e c t i c  lamellae. 
The matrix microstructure within t h e  porous region is q u i t e  uniform 
and exh ib i t s  no suggestion of d i r e c t i o n a l  s o l i d i f i c a t i o n .  It cons i s t s  
of a mixture of randomly or ien ted  coarse and f i n e  lamellae. 
While the re  were s o l i d i f i c a t i o n  shrinkage pores i n  t h e  porous region, 
most of t h e  poros i ty  appears t o  be gas  bubbles. 
pipe ind ica t e s  t h a t  a reasonably planar growth i n t e r f a c e  w a s  maintained 
throughout, i n  t h e  macroscopic sense. The i n t e r f a c e  does not appear t o  
have been planar i n  t h e  microscopic sense, as evidenced by t h e  micro- 
s t ruc tu re .  
The l ack  of a shrinkage 
Many of t h e  pores are surrounded by a number of very s m a l l  
P’ 
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inc lus ions  Which were i d e n t i f i e d  by e l ec t ron  microprobe ana lys i s  as an 
In-Cu i n t e r m e t a l l i c  compound. 
F l igh t  Sample 
I n  con t r a s t ,  t h e  f l i g h t  sample w a s  very uniform throughout, both i n  
microstructure and i n  d i s t r i b u t i o n  of t he  gas pores. While a foam ( i n  
the  strictest sense of t h e  word) w a s  no t  formed, t h e  gas poros i ty  appears 
t o  have maintained a uniform dispers ion  during the  e n t i r e  t i m e  required 
f o r  s o l i d i f i c a t i o n  i n  zero-g. The microstructure throughout is  similar 
t o  t h a t  described above f o r  t he  porous region of t he  con t ro l  sample. 
Heat appears t o  have been removed from both ends of t h e  sample. 
Good contact between the  m e l t  and conta iner  a t  both ends l ed  t o  a necked 
region near t h e  top of t h e  sample. There is  no evidence i n  t h e  macro o r  
microstructure t h a t  s o l i d i f i c a t i o n  w a s  d i r ec t iona l .  
pore d i s t r i b u t i o n ,  s o l i d i f i c a t i o n  i n  t h e  f l i g h t  sample appears t o  have 
been more uniform than i n  the  cont ro l .  A considerable number of whiskers 
were mechanically mixed i n  t h e  m e l t .  These whiskers were genera l ly  
c lus te red  within both gas  pores and shrinkage pores. 
whiskers i n  the  f l i g h t  sample po in t s  out a major d i f f e rence  from the  
con t ro l  i n  which t h e  whiskers w e r e  r e j ec t ed  from t h e  m e l t .  A s  i n  t h e  
cont ro l ,  numerous In-Cu p r e c i p i t a t e s  w e r e  observed surrounding many of 
the  pores. ' 
Based upon a uniform 
The inc lus ion  of 
Sample 7--In-Bi Eutec t ic ,  Argon, S t a in l e s s  S t e e l  Screen 
This sample contained a t ransverse  s t a i n l e s s  steel screen which w a s  
included t o  promote gas foaming upon shaking of t h e  m e l t .  The objec t ive  
of t h i s  demonstration w a s  t o  achieve a uniform d i s t r i b u t i o n  of a gas (foam) 
i n  a more dense matrix. The d i r e c t i o n a l  s o l i d i f i c a t i o n  w a s  intended t o  + 
provide a lamellar e u t e c t i c  s t r u c t u r e  oriented along the  a x i s  of t h e  
sample, 
Control Sample 
The con t ro l  sample had no observable foam o r  gas  poros i ty ,  ind ica t ing  
complete separa t ion  
w a s  being ex t rac ted  
under g rav i t a t ion .  
through t h e  capsule w a l l s  and t h e  screen, as w e l l  as 
The macrostructure ind ica ted  hea t  
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the  capsule bottom. 
curvature. I n i t i a l l y  s o l i d i f i e d  regions exh ib i t  conventional colonies or  
cells of f i n e  lamellar e u t e c t i c ,  a f t e r  which the  s t r u c t u r e  degenerates t o  
a coarse random e u t e c t i c  s t r u c t u r e ,  with t h e  g ra ins  o r  co lonies  elongated 
i n  t h e  d i r e c t i o n  of hea t  flow. 
The s o l i d i f i c a t i o n  i n t e r f a c e  had considerable concave 
F l igh t  Sample 
I n  con t r a s t ,  t h e  f l i g h t  sample exh ib i t s  some re ta ined  porosity.  The 
poros i ty  i s  approximately 3% i n  t he  bottom ha l f  and 5% i n  the  top ha l f  by 
volume. It i s  d i f f i c u l t  t o  a s c e r t a i n  whether t h i s  is  a l l  gas poros i ty ,  
o r  whether some shrinkage poros i ty  may be present.  However, i n  t he  strict 
sense, t he re  w a s  no foam. 
The m e l t  w a s  very near ly  i n  f r e e - f l o a t  conditions. The macrostructure 
reveals t h a t  contact with the  container,  and therefore  hea t  ex t r ac t ion ,  
occurred a t  only a few random pos i t ions .  These regions contain a f i n e  
lamellar s t r u c t u r e  i n  elongated co lonies  r ad ia t ing  away from t h e  po in t  
of contact.  I n  other areas, t h e  s t r u c t u r e  degenerated as i n  t h e  cont ro l .  
An extremely i n t e r e s t i n g  f e a t u r e  of t h e  f l i g h t  sample are several 
regions which can bes t  be described as r o s e t t e s  o r  flower p e t a l s .  
cons i s t  of a c e n t r a l  core cons is t ing  of a s t r u c t u r e  reminiscent of 
These 
Chinese s c r i p t , "  surrounded by r ad ia t ing  elongated co lonies  of f i n e  I 1  
lamellar e u t e c t i c  which form t h e  p e t a l s .  
coarse random lamellae a t  the  outer  periphery. 
The s t r u c t u r e  degenerates t o  
Sample 8--In-Bi Eutec t ic ,  Tungsten Spheres, Argon G a s  
The ob jec t ive  of t h i s  demonstration w a s  t o  achieve a uniform dispers ion  
of t he  dense spheres and argon gas bubbles i n  an aligned lamellar e u t e c t i c  
matrix . 
Control Sample 
N o  tungsten spheres w e r e  found i n  t h e  bulk of t h e  con t ro l  sample. A 
few spheres w e r e  trapped i n  t h e  matrix of t h e  las t  material t o  f r eeze  a t  
t h e  end opposite t h e  c h i l l .  The remainder of t he  spheres w e r e  not incor- 
porated i n t o  t h e  s o l i d i f i e d  sample and w e r e  found on the  ex te rna l  sur faces .  
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Any of the  spheres dispersed i n  the m e l t  p r i o r  t o  s o l i d i f i c a t i o n  were 
apparently pushed ahead of the  l iquid-sol id  i n t e r f a c e  because of t h e i r  
non-wetting c h a r a c t e r i s t i c s  o r  s e t t l e d  out  under g rav i t a t ion .  
The macrostructure ind ica tes  t h a t  f reez ing  d id  not  occur i n  a planar  
i n t e r f ace  normal t o  the  a x i s  of t he  sample. There appears t o  be  some 
independent nucleat ion a t  several poin ts  on t h e  w a l l  of t h e  container .  A 
number of I n  B i  dendr i tes  were observed i n  a n  area of t h e  end opposi te  t h e  
c h i l l .  The most l i k e l y  reason f o r  these  i s  t h e  m e l t  being of f  t h e  e u t e c t i c  
composition. 
2 
Fl igh t  Sample 
I n  cont ras t ,  a considerable number of t he  spheres are found wi th in  the  
sample, p r imar i ly ‘ in  the  shrinkage pores.  A s  with the  o ther  f l i g h t  Samples 
4 and 7 ,  s o l i d i f i c a t i o n  appears t o  have i n i t i a t e d  a t  a number of s i tes ,  so 
tha t  the  pore and sphere d i s t r i b u t i o n  was  macroscopically q u i t e  uniform 
throughout the sample. 
This sample i s  unique among the  No. 4 ,  7 and 8 samples i n  t h a t  t h e  
microstructure  has l a r g e  areas of a l igned f i n e  lamellar e u t e c t i c  t yp ica l  
of t he  classical  d i r ec t iona l ly  s o l i d i f i e d  eu tec t i c s .  This i s  probably the  
r e s u l t  of t he  proper combination of a l l o y  chemistry and s o l i d i f i c a t i o n  
ra te  which occurred only i n  t h i s  sample. Several  r o s e t t e  growth s t ruc tu res  
can a l s o  be seen. 
C .  CONCLUSIONS AND RECOMMENDATIONS 
A comparison of t h e  f l i g h t  and cont ro l  samples l ed  us  t o  the  following 
conclusions. 
0 Observation of t h e  macrostructure and microstructure  ind ica t e  
t h a t  s o l i d i f i c a t i o n  i n  both t h e  f l i g h t  and cont ro l  “samples 
w a s  not  t r u l y  d i r ec t iona l .  
0 Even without d i r e c t i o n a l  s o l i d i f i c a t i o n ,  several i n t e r e s t i n g  
s t r u c t u r a l  d i f fe rences  were observed between f l i g h t  and 
cont ro l  samples. (1) Apparent i n t e rmi t t en t  contact  of t he  
m e l t  with the  container  i n  t h e  f l i g h t  samples l ed  t o  
unusual nucleat ion and growth s t ruc tu res .  (2)  There w a s  a 
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grea te r  uniformity--on a macro scale--of both pores 
<and  s t r u c t u r a l  f ea tu re s  i n  the  f l i g h t  sample, pre- 
sumably the r e s u l t  of the  reduced g rav i ty  condi t ions.  
Although the  spheres and whiskers d id  no t  w e t  t he  matr ix  
adequately,  t h e  f l i g h t  experiment c l e a r l y  demonstrated 
t h a t  i t  is  f e a s i b l e  t o  produce enhanced d ispers ions  of 
gases and dense phases i n  a m e l t  which i s  s o l i d i f i e d  i n  
reduced gravi ty .  
0 
0 The use of whiskers appears t o  enhance the  r e t en t ion  
and uniform d i s t r i b u t i o n  of gas bubbles. 
The ana lys i s  of t he  f l i g h t  and con t ro l  samples suggest s eve ra l  
modifications o r  new approaches f o r  f u t u r e  experiments. 
Di rec t iona l  s o l i d i f i c a t i o n  should be improved by using a 
matrix of high thermal conduct ivi ty ,  and a container  of 
low conduct ivi ty  w a l l s .  
may help d i r e c t i o n a l  s o l i d i f i c a t i o n .  
New sample materials should be se l ec t ed  i n  which the  
d ispersant  f u l l y  w e t s  t he  matrix material. 
Experiments should be conducted i n  two modes: (a) where 
the  m e l t  i s  i n  good thermal contac t  with t h e  container  
and (b) where the  m e l t  i s  i n  a f r ee - f loa t  condi t ion.  
A two s t age  heating/cooling cyc le  
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11. BACKGROUND 
Arthur D. L i t t l e ,  Inc. ,  w a s  one of several cont rac tors  who a s s i s t e d  
the  Product Engineering and Process Technology Laboratory, George C. 
Marshall Space F l igh t  Center, NASA i n  the  design and implementation of 
a Composite Casting Demonstration performed during t h e  flyback phase of 
the  Apollo 14 mission. This demonstration represented the  f i r s t  
opportunity t o  experimentally assess t h e  p o t e n t i a l  advantages of pro- 
cessing i n  space, i n  p a r t i c u l a r ,  t o  determine t h e  e f f e c t s  of t he  lack of 
density segregation (bouyancy) and hea t  convection i n  the  weightless 
environment of space. 
A series of 18 samples representing four experiment ca tegor ies  w e r e  
u l t imate ly  se lec ted  by NASA personnel f o r  t h i s  f i r s t  ca s t ing  demonstration; 
11 of t h e  18 samples were processed i n  space.* Several of the  samples w e r e  
melted and r e s o l i d i f i e d  with no in t en t iona l  a g i t a t i o n  t o  permit evaluation 
of p a r t i c l e  r ed i s t r ibu t ion .  The o ther  samples w e r e  manually ag i t a t ed  t o  
achieve a reasonable mixture of p a r t i c l e s  and/or gas bubbles i n  t h e  l i q u i d  
phase base material. 
A l i s t i n g  of t he  specimens i s  presented i n  Table 1. The four ca tegor ies  
represent composite s t r u c t u r e s  which cannot present ly  be made on e a r t h  due t o  
density segregation and convection e f f e c t s  caused by g r a v i t a t i o n a l  forces .  
The b a s i s  of composite material s e l e c t i o n  and demonstration objec t ives  f o r  
each of t he  sample groups has been given by NASA(l) as follows: 
"In Group A, two powder meta l lurg ica l  samples containing, 
i n  one case, an even d i s t r i b u t i o n  of t i n y  tungsten spheres 
which are about 2-1/2 t i m e s  heavier  than t h e  base m e t a l ,  
* 
A b r i e f  study of a l t e r n a t i v e  sample materials w a s  conducted by 
Arthur D. L i t t l e ,  Inc. ,  i n  t he  beginning of t h i s  program. This work i s  
described i n  Appendix A. 
(l)"Fact Sheet - Apollo 1 4  Composite Casting Demonstration," obtained from 
H. Wuenscher, Manufacturing Engineering Laboratory, George C. Marshall 
Space F l igh t  Center. 
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and i n  the  o ther  case, boron carbide spheres, which are 
about 3 t i m e s  l i g h t e r  than the  base metal, are melted and 
s o l i d i f i e d  without disturbance i n  order t o  study influences 
t o  the  mixture s t a b i l i t y  which are not caused by gravi ty .  
The o ther  samples are i n  segregated configuration as a re- 
s u l t  of t h e  preparation i n  l i q u i d  base m e t a l  on e a r t h  and 
t h e  manual shaking by the  as t ronaut  should cause d i s t r i b u t i o n  
of particles i n  t h e  matrix. The f e a s i b i l i t y  of p a r t i c l e  
composites of improved mechanical, o p t i c a l  and electrical 
p rope r t i e s  and s u i t a b l e  f o r  economical ca s t ing  of prec is ion  
components i n  space are the  goal of t h i s  demonstration. 
"In Group B ,  gas has been added alone and i n  addi t ion  t o  t h e  
particles. The d ispers ion  of the  gas should create unique 
configuration of dens i ty  cont ro l led  and par t ic le  reinforced 
composite materials. It is hoped t h a t  t he  samples w i l l  show 
some spots  of i n t e r e s t i n g  i n t e r n a l  material combinations. 
I f  such configurations can be  repeated a f t e r  more development 
with the  proper base metals and high s t r eng th  reinforcement 
particles,  a d r a s t i c  increase  i n  strength-to-weight r a t i o  
could r e s u l t .  
powder metallurgy, which w i l l  serve as a base l ine  specimen. 
"Group C contains test samples f o r  studying t h e  immiscible 
m e t a l  composite formation. On ea r th ,  m e t a l  components of 
d i f f e r e n t  dens i ty  and which do not form a l loys ,  segregate 
immediately and emulsions of such metals cannot be achieved 
i n  so l id  state. Therefore, p rope r t i e s  of such immiscible 
This group contains a l s o  one sample made by 
composites are subjec t  of f u t u r e  exploration. 
"The las t  Group D concerns t h e  d i r e c t i o n a l  s o l i d i f i c a t i o n  
of t he  base m e t a l  InBi, where the  lack of g rav i ty  segregation 
should improve t h e  i n t e r m e t a l l i c  compound formation i n  one 
sample and the  s i n g l e  c r y s t a l  formation i n  t h e  o ther  samples. 
The last  sample i n  t h i s  group demonstrates sur face  tension o r  
f r e e  cas t ing  i n  weightlessness. A spring-loaded p i s ton  
9 
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extrudes the  l i qu id  metal i n t o  a cav i ty ,  where i t  w i l l  
form a prec is ion  sphere without touching the  w a l l s  of t h e  
container,  
Several specimens, including a l l  of Group D ,  w e r e  not processed due 
to  l imi t a t ions  i n  the  t i m e  ava i l ab le  f o r  these  experiments during the  
flyback. Arthur D, L i t t l e ,  Inc. ,  w a s  se lec ted  t o  conduct t h e  pos t - f l igh t  
examination and eva lua t ion  of Samples 4 ,  7 and 8, including a comparison 
t o  the  corresponding earth-processed con t ro l  samples. 
10 
Arthur D Little, Inc 
111. SAWLE PREPARATION AND PROCESSING 
A. PREPARATION 




Cu-Coated S i c  
Argon 








The In-Bi and S i c  whiskers were premixed i n  a plast,c dish. 
was heated t o  a l i q u i d  and poured i n t o  t h e  capsule t o  the  three-quarter 
mark. The mix w a s  allowed t o  cool  ( s o l i d i f y )  on a heat sink. The capsule 
w a s  placed i n  a vacuum, evacuated, then back-fil led with argon. The top 
d isk ,  with i t s  O-ring, w a s  pressed i n t o  t h e  capsule t o  seal i n  i t s  contents. 
After cleaning, t he  capsule top w a s  e l ec t ron  beam welded. 
The m-xture 
F1 igh t Control 
In-Bi Alloy 100.6 g 103.9 g 
S ta in l e s s  Screening 6.3 g 5.7 g 
Argon 25% (volume) 25% (volume) 
The In-Bi w a s  melted and poured i n t o  t h e  capsule t o  t h e  three-quarter mark. 
The preheated s t a i n l e s s  steel screen  w a s  i n se r t ed  while t h e  a l l o y  w a s  i n  a 
l i qu id  state. The capsule w a s  evacuated, back-fil led with argon, capped, 
sealed and welded. 
11 
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Fl igh t  Control 
In-B i 99 g 99 €4 
Cu-Coated W 2 1  g 21 g 
Argon 25% (volume) 25% (volume) 
The copper coated tungsten spheres were weighed and placed i n  t h e  capsule. 
The In-Bi was  melted and poured i n t o  t h e  capsule t o  the  three-quarter mark. 
After the  a l l o y  had s o l i d i f i e d ,  t he  capsule w a s  evacuated, back-fil led with 
argon, capped, cleaned and welded. 
A l l  of the  samples w e r e  X-rayed t o  de t ec t  flaws, voids or discontinu- 
ities i n  t h e  weld and w e r e  l eak  checked. 
B. SAMPLE PROCESSING 
The samples were processed i n  an apparatus which included an  electrical 
hea te r  and a s torage  box 
f o r  cooling the  samples. 
f o r  t he  hea te r  which a l s o  served as a hea t  s ink  
Samples 4 ,  7 and 8 w e r e  heated f o r  10 minutes 
and were then ag i t a t ed  as follows: 
(1) Remove hea ter  (containing specimen capsule) from box and, 
holding f i rmly  i n  one hand, bump ends a l t e r n a t e l y  aga ins t  
h e e l  of other hand, four  times each end. 
(2) Perform the  following sequence t h r e e  t i m e s :  
a. Linear shakes, vigorously, 10 back-and-forth 
b. 
shakes. 
O s c i l l a t e  r ap id ly  through a t  least 15 back- 
and-forth cyc les  by turning wrist a t  least 
180'. 
("A complete desc r ip t ion  of t h e  apparatus is  given i n  "Report on Results 
of Apollo 14 Composite Casting Demonstration," I. C. Yates, Marshall 
Space F l igh t  Center, NASA, S&E-PT-IN-71-1, Ju ly  13, 1971. 
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(3) Oscillate vigorously a few t i m e s ,  then s l o w  down 
gradually over 10 cycles t o  very slow motion 
(5 seconds per cycle).  
Carefully move t o  hea ter  and i n s e r t  on cooling pan. ( 4 )  
(5) Allow to cool 30 minutes minimum. 
Simulated heating and shaking cycles were instrumented a t  MSFC and 
yielded t h e  r e s u l t s  presented i n  Figures 1 and 2. FQr these  experiments, 
the  sqmple w a s  molten f o r  a period of 1 2  t o  15 minutes. 
a g i t a t i o n  sequence required approximately 2 minutes. 
The sample 
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I V .  PRELIMINARY SAMPLE EVALUATION 
Arthur D. L i t t l e ,  I n c , ,  s t a f f  attended and viewed t h e  opening and 
preliminary cha rac t e r i za t ion  measurements of Samples 4, 7 and 8 a t  MSFC 
on Apr i l  14 and 15, 1971. 
samples were then hand-carried back t o  Arthur D. L i t t l e ,  Inc., l abo ra to r i e s  
f o r  de t a i l ed  evaluation. 
The contractor-designated por t ions  of these 
A comprehensive Operations Plan and Procedures f o r  Evaluation w a s  
prepared by the  Product Engineering and Process Technology Laboratory, 
MSFC t o  provide f o r  accountabi l i ty ,  t r a n s f e r  and s torage  of samples, 
preliminary evaluation p lans  including specimen opening and sec t ion ing ,  
and f i n a l  evaluation p lans  t o  be conducted by t h e  cont rac tors .  Several 
portions of t h i s  document r e l a t i n g  t o  preliminary cha rac t e r i za t ion  s t eps  
are reviewed below. 
0 Specimen I d e n t i f i c a t i o n  
The samples w i l l  be i d e n t i f i e d  by a specimen number (as  given i n  
Table l ) ,  process condition ( f l i g h t ,  con t ro l  o r  spare) ,  longi tudina l  
s ec t ion  ( a r b i t r a r i l y  designated ha l f  A and ha l f  B) and subsection number, 
A s  an example, 4F-A-02 would represent piece number 2 from the  cont rac tor ’s  
ha l f  of t h e  experiment number 4 f l i g h t  sample. 
0 I n i t i a l  Characterization 
P r i o r  t o  capsule opening, t he  var ious  specimens w e r e  radiographed t o  
provide shadow graphs of t h e  sample d i s t r i b u t i o n  wi th in  t h e  capsule. 
radiographs are presented i n  t h e  d e t a i l e d  sample desc r ip t ion  later i n  t h i s  
repor t .  
These 
Additionally,  i t  w a s  feared t h a t  t h e  samples containing argon gas were 
a l t e r e d  during t h e  capsule sea l ing  (welding) process, providing a vacuum 
r a t h e r  than argon atmosphere, 
accura te ly  weighed t o  0 .1mi l l ig ram;  t h e  containers w e r e  then pierced and 
reweighed. The r e s u l t s  f o r  Samples 4 ,  7 and 8 were: 
P r i o r  t o  capsule opening, t h e  capsules were 
14  
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Sample 
8F -8 C  -7F -7c -4F -4c Weight (grams) -
After Piercing 119.1394 120.4633 141.0280 137.8113 150.8099 151.2974 
Before Piercing 119.1380 120.4627 141.0299 137.8103 150.8037 151.2943 
Difference (mg) +I. 4 +0.6 -1.9 +1.0 +6.2 +3.1 
A s  t he  volume of t h e  specimen capsules corresponds t o  about 25 cc, 25 volume 
percent argon would correspond t o  10.9 mg ( a t  1 atm). 
c e r t a i n t y  of - + 2 mg, i t  is clear t h a t  as much as 25% of t h e  o r i g i n a l  argon 
has been l o s t  from sample 8F and up t o  50% l o s t  from sample 8C.  
For a weighing un- 
0 Capsule Opening Procedure 
The capsules were opened by ca re fu l ly  machining i n  a l a t h e  down t o  a 
w a l l  th ickness  of 0.005 i n ,  A 10-pitch thread w a s  then formed on t h e  s i d e  
w a l l  o f  t h e  capsule, a f t e r  which t h e  end of t h e  capsule was removed. Final ly ,  
t he  threaded metal s h e l l  w a s  unwrapped from t h e  sample. 
After t he  specimens were removed from t h e  capsule,  they were weighed 
and dimensions were measured. 
graphs w e r e  obtained of the specimens a t  0" and 180" aspects  and of specimen 
tops and bottoms. 
These d a t a  are reported i n  Table 2. Photo- 
The specimens were then held i n  a s p e c i a l l y  prepared j i g  and were manu- 
a l l y  sectioned with a hacksaw i n t o  two longi tudina l  sec t ions ,  one of which 
w a s  furnished t o  t h e  contractor  and t h e  other  being re ta ined  a t  MSFC. 
Photographs w e r e  taken of t h e  sectioned pieces. 
1 5  
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V. DETAILED SAMPLE EVALUATION 
This s ec t ion  contains:  
e A b r i e f  descr ip t ion  of t he  experimental techniques used 
t o  charac te r ize  the  samples; 
m The r e s u l t s  of these  cha rac t e r i za t ion  s t u d i e s  f o r  each 
of t he  th ree  f l i g h t  and th ree  cont ro l  samples; and 
e A desc r ip t ion  of several experiments performed i n  our 
l abora to r i e s  t o  supplement or support t h e  observations 
made on the  samples. 
The r e s u l t s  are presented sepa ra t e ly  f o r  each of t h e  three  systems. 
While t h i s  leads t o  some repe t i t i veness  where observations p e r t a i n  t o  more 
than one system, each of t h e  th ree  sec t ions  i s  thus complete i n  i t s e l f .  
A. EXPERIMENTAL PROCEDURES - SAMPLE CHARACTERIZATION 
1. Radiography 
Radiographs of t h e  unopened sample capsules were provided by NASA. 
These w e r e  taken a t  55 kv and 5 m a  f o r  6 minutes. Exposure w a s  on Type M 
f i lm with a 48-in source t o  specimen d is tance .  
2. Metallography 
a. Sectioning 
Samples were sectioned by cooling them i n  LN and then sawing with a 2 
jeweler ' s saw.  
b. Mounting 
The majority of samples w e r e  prepared metallographically without 
mounting. 
a cold curing r e s i n  (Trade n a m e  "Koldmount"). 
A few samples w e r e  mounted without degradation of t he  sample i n  
e. Polishing 
Grinding w a s  ca r r i ed  out on w e t  s i l i c o n  carb ide  papers, 400 and 600 
Rough polishing w a s  done with 6 micron diamond on a g r i t  successively.  
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beeswax l ap ,  w e t  with methanol. F ina l  po l i sh  w a s  on a w e t  napped syn the t i c  
rayon c lo th  using 1 micron diamond. 
was continued gouging of the  No.  8 specimens by pulled-out tungsten spheres, 
preventing the  attainment of scratch-free samples. 
The only major d i f f i c u l t y  encountered 
d. Etching 
We used the  following etchant: 
Hydrochloric ac id  10 cc 
Ethyl alcohol 200 cc 
P i c r i c  ac id  2 cc 
Application w a s  by immersion f o r  10-20 seconds. Often, a l t e r n a t e  etching 
and polishing w a s  required. 
so lu t ion  and leaves the  In2Bi in t e rme ta l l i c  l ight-colored i n  t h e  o p t i c a l  
microscope. 
This e tch  a t t a c k s  t h e  indium bismuth s o l i d  
3. Chemistry 
The chemistry of t h e  matrix w a s  determined by emission spectrograpiiic 
Electron microprobe ana lys i s  w a s  used t o  i d e n t i f y  t h e  two major analysis.  
me ta l l i c  phases i n  the  matrix with respec t  t o  t h e i r  appearance o p t i c a l l y  
and t o  determine the  major elements present i n  inc lus ions .  
4 .  X-ray Analysis 
Laue back r e f l e c t i o n  techniques w e r e  used t o  a s c e r t a i n  q u a l i t a t i v e l y  
the  degree of p o l y c r y s t a l l i n i t y  and prefer red  o r i en ta t ion  of t h e  e u t e c t i c  
matrix. The Laue pa t t e rns  w e r e  obtained on Polaroid Type 57 f i l m  using a 
copper tube a t  40 kv and 20 m a  with a 3-minute exposure. 
X-ray d i f f r a c t i o n  w a s  used t o  i d e n t i f y  t h e  c rys ta l lographic  phases 
r ad ia t ion  a t ” 4 0  kv present. 
and 20 m a .  
D i f f r ac t ion  scans were made with copper K 
01 
5. Frac ture  Surfaces 
One sample (No. 7F) w a s  f r ac tu red  a t  t h e  s t a i n l e s s  steel screen i n  
order t o  observe bubble d i s t r i b u t i o n  i n  t h i s  area. An a t t e m p t  w a s  made 
t o  do t h i s  i n  a t e n s i l e  tester, but t h e  sample broke i n  t h i s  plane while 
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6 .  Bubble and Pore Di s t r ibu t ion  
These w e r e  measured on a t r ave l ing  s t age  quan t i t a t ive  microscope 
using t h e  chord-intercept technique. The work w a s  performed by 
David D. Marchant of t h e  Massachusetts I n s t i t u t e  of Technology. 
B. RESULTS 
1. Sample 4 
The No.  4 samples contained copper coated S i c  whiskers, argon gas,  
and the  In-Bi e u t e c t i c  matrix. The objec t ive  of t h i s  demonstration w a s  
t o  achieve a uniform d i s t r i b u t i o n  of a s o l i d  (whiskers) and a gas (argon), 
both having d i f f e r e n t  d e n s i t i e s  from t h e  matrix, by d i r e c t i o n a l  s o l i d i f i c a -  
t i o n  of t he  matrix i n  reduced gravi ty .  
a fiber-reinforced foam e u t e c t i c  with t h e  e u t e c t i c  lamellae and t h e  whiskers 
aligned along the  a x i s  of t he  sample. 
The material would thus cons i s t  of 
a. Radiographs 
Figures 3 and 4 are radiographs a t  Oo and 90" of t he  con t ro l  and 
f l i g h t  sample capsules,  respec t ive ly .  The down d i r e c t i o n  f o r  t h e  con t ro l  
sample, and t h e  hea t  s ink  pos i t i on  i n  both cases,  i s  a t  the  bottom of t h e  
p ic ture .  
con t ro l  sample. 
t he  sample. 
The s o l i d  i s  i n  contac t  with t h e  capsule w a l l s  and bottom i n  t h e  
Some sca t t e red  s o l i d  is on the  w a l l s  above the  bulk of 
The f l i g h t  sample is  i n  contac t  with both ends of t h e  capsule. 
There is a minor neck near t h e  hea t  s ink  end and a major neck a t  t h e  
opposite end where t h e r e  is no contac t  with t h e  w a l l s .  
b, 
Figures 5 through 7 are photographs of t h e  samples a f t e r  removal of 
Samples Af te r  Removal From Capsule 
the  capsule. ' 
evident. I n  addi t ion ,  t h e  shiny appearance of t h e  bottom end of t h e  con t ro l  
and both ends of t h e  f l i g h t  sample confirms t h e  radiograph observation t h a t  
the  s o l i d  w a s  i n  contact a t  these  ends. 
The major neck near t h e  hot  end of t h e  f l i g h t  sample i s  q u i t e  
Figure 8 presents  photographs of t h e  No. 4 samples a f t e r  t he  f i r s t  
longi tudina l  sec t ions .  
t e r n a l  s t r u c t u r a l  d e t a i l s .  
The s a w  markings have o b l i t e r a t e d  most of t h e  in- 
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c. S t r u c t u r a l  Observations 
No. 4 Control 
Figure 9 is  a schematic of t h e  sec t ions  which w e r e  taken of Sample 4C-A. 
Figure 10 ind ica t e s  t he  macrostructure of Section 4C-A-00. 
t he  bottom f i f t h  of t h e  sample i s  f u l l y  dense with no S i c  whiskers o r  argon 
bubbles. 
d i r e c t i o n a l i t y  of heat flow toward t h e  heat s ink  a t  the  bottom. The micro- 
s t r u c t u r e  i n  t h i s  region v a r i e s  from a coarse, randomly or ien ted  lamellar 
s t r u c t u r e  near t he  c h i l l  (Figure l l a )  t o  a s m a l l  region of c e l l u l a r  e u t e c t i c  
near the middle of t he  zone (Figure l l b ) .  The cells are elongated and 
oriented longi tudina l ly ,  as would be expected. A t  t h e  top of t h e  f u l l y  
dense area the re  i s  a regular ,  but degenerate, e u t e c t i c  s t r u c t u r e  somewhat 
reminiscent of t h e  “Chinese s c r i p t ”  s t r u c t u r e  observed i n  some o ther  
e u t e c t i c  a l l o y s  (Figure l l c ) .  
growth i n t e r f a c e  s t a b i l i t y  due t o  t he  preva i l ing  thermal and chemical 
conditions of t he  m e l t .  
Approximately 
The macroscopic s t r u c t u r e  i n  t h i s  region ind ica t e s  very good 
This may ind ica t e  a breakdown of planar 
There i s  micros t ruc tura l  cont inui ty  of a s o r t  across the  boundary 
between,the bottom of t h e  sample and the  top porous region even though 
the  s t r u c t u r e s  a t  some d i s t ance  on e i t h e r  s i d e  of t h e  boundary are d i f f e r e n t  
(Figure l l d )  . 
This suggests t h a t  t h i s  boundary i s  not  t h e  r e s u l t  of an incomplete 
melt-back during processing. Also, one would not expect such a planar 
melt-back i n t e r f a c e  from t h e  r a d i a l  hea t  source which w a s  employed. 
existence of t h i s  boundary appears more l i k e l y  t o  be the  r e s u l t  of g rav i ty  
separa t ion  of t he  gas bubbles. 
surpr i s ing  during experiments on e a r t h  i n  l-g because of t he  low v i s c o s i t y  
of t he  In-Bi a l l o y  when molten. 
whiskers have i n  some way s i g n i f i c a n t l y  increased t h e  apparent v i s c o s i t y  
of t he  m e l t  and impeded the  upward travel of t he  gas bubbles. The f a c t  
t h a t  the  whiskers seem t o  be c lus te red  on t h e  in s ide  sur face  of t he  
bubbles may be  a r e l a t e d  occurrence. 
The 
That many bubbles remain a t  a l l  i s  
However, it would appear t h a t  t h e  S i c  “ 1  
k 
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The matrix microstructure within t h e  porous region is q u i t e  uniform 
and exh ib i t s  no suggestion of d i r e c t i o n a l  s o l i d i f i c a t i o n  (Figure 12). 
It cons i s t s  of a mixture of randomly or ien ted  coarse and f i n e  lamellae. 
The bimodal d i s t r i b u t i o n  of lamellae widths ind ica t e s  t h a t  t h i s  is  a real 
e f f e c t  and not  j u s t  the  r e s u l t  of t h e  angle of i n t e r s e c t i o n  of t h e  
s t r u c t u r e  and t h e  metallographic surface.  Examination of a t ransverse  
sec t ion  (4C-A-03T) supports t h i s  observation. 
While the re  are some s o l i d i f i c a t i o n  shrinkage pores in the  porous 
region, most of t he  pores appear t o  be gas  bubbles. The increased poros i ty  
near t he  top of t h e  sample ind ica t e s  t h a t  most of t h e  shrinkage w a s  accom- 
modated there .  
planar growth i n t e r f a c e  w a s  maintained throughout, i n  the  macroscopic sense. 
A s  has been mentioned, t h e  i n t e r f a c e  does not appear t o  have been planar i n  
the  microscopic sense, as evidenced by the  breakdown from a lamellar e u t e c t i c  
s t ruc tu re .  
The lack of a shrinkage pipe ind ica t e s  t h a t  a reasonably 
There are a number of very f i n e  inc lus ions  o r  p r e c i p i t a t e s  present i n  
the  porous por t ions  of t he  sample; they tend t o  be c lus te red  near t he  pores. 
This material has been i d e n t i f i e d  by e l ec t ron  microprobe ana lys i s  as an 
In-Cu i n t e r m e t a l l i c  compound. 
N o .  4 F l igh t  
Figure 13 i s  a schematic of t h e  sec t ions  which were taken of sample 
4F-A. Figure 10 ind ica t e s  the  macrostructure of Section 4F-A-00. 
The f l i g h t  sample is very uniform throughout, both i n  microstructure 
compound and i n  d i s t r i b u t i o n  of t h e  gas pores. 
not foam i n  t h e  s t r i c t e s t  sense of t he  word, t h e  gas poros i ty  appears t o  
have maintained a uniform dispers ion  throughout t h e  t i m e  required t o  
s o l i d i f y  i n  reduced gravi ty .  The microstructure throughout is similar 
t o  t h a t  described above f o r  t h e  porous region of t h e  con t ro l  sample. 
While the gas pores did 
Heat appears t o  have been removed from both ends of t he  sample, so 
t h a t  i n  reduced g rav i ty  the re  w a s  apparently good contact between the  
m e l t  and container a t  both ends. This led  t o  t h e  necked region. However, 
i t  does not appear t h a t  two growth f r o n t s  converge i n  t h i s  neck (Figure 14).  
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There is no evidence i n  t h e  macro o r  microstructure of d i r e c t i o n a l  
s o l i d i f i c a t i o n .  S o l i d i f i c a t i o n  i n  the  f l i g h t  sample appears t o  have 
been more random o r  uniform than i n  t h e  con t ro l ,  s ince  much more shrinkage 
poros i ty  can be observed d i s t r i b u t e d  uniformly throughout t he  f l i g h t  
sample. 
general  s ince  i t  appears less regu la r ly  sphe r i ca l  i n  shape. 
Shrinkage poros i ty  can be d is t inguished  from t h e  gas poros i ty  i n  
The whiskers do not appear t o  be w e t  by t h e  molten a l loy ,  s ince  most 
of them ended up on the  outs ide  sur faces  of t he  sample, on the  gas pore 
surfaces or  on t h e  shrinkage pore sur faces  (Figure 15a).  
t he  few whiskers which could be located i n  the  matrix were aligned, i f  
anything, normal t o  the  e u t e c t i c  lamellae (Figure 15b). 
predicted t h a t  wetting whiskers might a l i g n  themselves with the  lamellae. 
A considerable number of whiskers were mechanically mixed i n  the  m e l t  as 
shown by the  l a r g e  number of whiskers observed i n  t h e  shrinkage pores. 
In  t h i s  context, 
It had been 
The f l i g h t  sample a l s o  contains a d ispers ion  of In-Cu in t e rme ta l l i c  
compound inc lus ions  similar t o  t h a t  i n  t h e  porous region of the  con t ro l  
sample. 
d. Poros i ty  
Pore dens i ty  and pore s i z e  d i s t r i b u t i o n  measurements were performed 
t o  evaluate d i f f e rences  between the  f l i g h t  and con t ro l  samples. 
specimen t r ave r se  l i n e s  and measured pore d e n s i t i e s  are i l l u s t r a t e d  i n  
Figure 16. The f l i g h t  sample exh ib i t s  a pore dens i ty  approximately 
t w i c e  t h a t  of t he  con t ro l  sample. Furthermore, t he  pore dens i ty  i s  
r a t h e r  uniform across  t h e  sample, varying from 16% near t h e  bottom t o  
19% a t  the  top. 
va r i a t ion ,  being 13% near t he  bottom of t h e  pore-containing region of t h e  
sample and 5% a t  the  top. 
s o l i d i f i c a t i o n ,  shrinkage pores could not account f o r  more than 2 o r  3% 
of the  observed pore density.  
The se l ec t ed  
I n  con t r a s t ,  t h e  c o n t r o l  sample e x h i b i t s  considerable 
Based upon measured changes i n  volume upon 
We i n t e r p r e t  these  r e s u l t s  as follows. A d i s t r i b u t i o n  of argon 
bubbles w a s  achieved i n  t h e  molten Bi-In a l l o y  during t h e  a g i t a t i o n  s t age  
of sample processing; t h e  argon bubbles accounted 
of the  sample volume. The bubbles migrate t o  and 
f i b e r s  (or f i b e r  bundles) as a consequence of t he  
f o r  a minimum of 15% 
became attached t o  S i c  
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surface f r e e  energy, thereby g r e a t l y  decreasing the  mobili ty of t h e  bubbles. 
I n  the case of t he  f l i g h t  sample,  a few of t he  bubbles undoubtedly migrated 
t o  the  outer  w a l l s  and were annih i la ted ;  t h e  rest were frozen i n t o  t h e  
s t r u c t u r e  during s o l i d i f i c a t i o n .  I n  Sample 4C, processed on ea r th ,  the  
bubble d i s t r i b u t i o n  is  a consequence of t h e  competing rates of s o l i d i f i c a -  
t i o n  vs. bubble migration due t o  buoyancy. I n i t i a l l y ,  when the re  is high 
heat t r a n s f e r ,  s o l i d i f i c a t i o n  proceeds more r ap id ly  and tends t o  t r a p  i n  
the  argon bubbles.* 
through the  s o l i d i f i e d  In-Bi s h e l l ,  t h e  rate of s o l i d i f i c a t i o n  is reduced 
and the re  i s  a longer opportunity f o r  bubbles t o  r ise and be removed from 
the  sample. 
A t  a later poin t  i n  t i m e ,  when hea t  must be t ransfer red  
The pore s i z e  d i s t r i b u t i o n s  f o r  t h e  samples are presented i n  Figures 1 7  
t o  19. 
has a more extensive range of s i z e s .  
Both samples have an average pore s i z e  of 60 pm; t h e  f l i g h t  sample 
e. Chemistry 
Qua l i t a t ive  emission spectrographic ana lys i s  of chips from Sample 
No. 4F-A ind ica t e s  no p a r t i c u l a r  decrease i n  t h e  p u r i t y  of t h e  matrix 
elements (Table 3 ) .  The low copper content is  f u r t h e r  i nd ica t ion  of t he  
f ineness  and wide d ispers ion  of t he  In-Cu in t e rme ta l l i c  inclusions.  
An X-ray d i f f r a c t i o n  p a t t e r n  w a s  obtained from Sample 4F. There 
are approximately equal q u a n t i t i e s  of a-In and I n  B i .  2 
evidence of Cu, A l ,  Sic, or  any of t h e i r  compounds. 
There is no 
2. Sample 7 
The No. 7 samples contained the  In-Bi e u t e c t i c  a l l o y  and argon. I n  
addition, t h e  container contained a t ransverse  s t a i n l e s s  steel screen t o  
assist i n  foaming t h e  gas upon shaking of t he  m e l t .  
t h i s  demonstration w a s  t o  achieve a uniform d i s t r i b u t i o n  of a gas (foam) 
i n  a more dense matrix. The d i r e c t i o n a l  s o l i d i f i c a t i o n  w a s  intended t o  
provide a lamellar e u t e c t i c  s t r u c t u r e  or ien ted  along the  a x i s  of t h e  
sample. 
The ob jec t ive  of 
* 
The f u l l y  dense zone 
anomolous and cannot 
corresponding t o  t h e  bottom 15% of Sample 4 C  is  
be explained. 
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TABLE 3 
QUALITATIVE EMISSION SPECTROGRAPHIC ANALYSIS 
OF SAMPLE 4F-A-00 
Element Amount Present 
In, Bi 10-100% 
Al, Ag, Pb, Si 3-30 ppm 
Cu, Cry Fey Ni, Sn 1-10 ppm 
0.3-3 ppm Ca, Mg 
0.1-1 ppm Mn 
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a. Radiographs 
Figures 20 and 2 1  are radiographs a t  0" and 90" of t he  con t ro l  and 
f l i g h t  capsules,  respec t ive ly .  The down d i r e c t i o n  f o r  t he  con t ro l  sample, 
and the  heat sink pos i t i on  i n  both cases, is  a t  t h e  bottom of the  p ic ture .  
The con t ro l  sample contac ts  the  bottom of t h e  capsule, t h e  w a l l s  of t he  
capsule, and t h e  s t a i n l e s s  steel  screen support arms. 
i s  i n  contact only a t  i so l a t ed  sec t ions  of t he  capsule w a l l s .  This 
pa t t e rn  is  cons is ten t  with the  macrostructures observed f o r  t h e  two 
samples (see below). 
The f l i g h t  sample 
b. 
Figures 22 through 24 are photographs of the  samples a f t e r  removal 
Samples After Removal From the  Capsule 
from t h e  capsules. These confirm the  comments relative t o  contact of t h e  
sample with the  capsule. 
Figure 25 presents  photographs of t h e  No. 7 samples a f t e r  t he  f i r s t  
longi tudina l  sec t ions .  The s a w  has  o b l i t e r a t e d  most of t he  i n t e r n a l  
s t r u c t u r a l  d e t a i l s .  
c. S t ruc tu ra l  Observations 
No. 7 Control 
Figure 26 i s  a schematic of t h e  sec t ions  which w e r e  taken of Sample 
7C-A. Figure 27 is the  macrostructure of Section 7C-A-00. 
The con t ro l  sample had no observable foam o r  gas porosity,  ind ica t ing  
(This a l s o  suggests again t h a t  t h e  complete separa t ion  under g rav i t a t ion .  
whiskers i n  t h e  No .  4 samples did have some e f f e c t  on the  apparent -v iscos i ty  
of t h e  melt.) 
The macrostructure i n  t h i s  case a l s o  ind ica t e s  hea t  w a s  being ex t rac ted  
from t h e  w a l l s  and t h e  screen, as w e l l  as the  bottom. The growth i n t e r f a c e  
had considerable concave curvature. I n  t h i s  regard,  growth appears t o  have 
i n i t i a t e d  a t  the  bottom, t h e  w a l l s ,  and t h e  screen. These regions exh ib i t  
conventional colonies o r  cells of f i n e  lamellar e u t e c t i c  (Figure 28a), a f t e r  
which t h e  s t r u c t u r e  degenerates t o  a coarse "Chinese s c r i p t "  s t r u c t u r e ,  t h e  
gra ins  o r  colonies elongated i n  t h e  d i r e c t i o n  of hea t  flow (Figure 28b). 
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No. 7 F l igh t  
Figure 29 is  a schematic of t h e  sec t ion  which w e r e  taken of Sample 
7F-A. Figure 27 is a macrograph of Section 7F-A-00. 
In  con t r a s t  t o  t he  con t ro l  sample, t h e  f l i g h t  sample does exh ib i t  
some retained porosity.  
ha l f  and 5% i n  the  top ha l f  by volume. It i s  d i f f i c u l t  t o  a s c e r t a i n  
whether t h i s  is  a l l  gas porosity,  o r  whether some shrinkage poros i ty  may 
be present.  There is, however, no foam. A series of scanning e l ec t ron  
micrographs of t h e  f rac tured  sur face  adjacent t o  t h e  s t a i n l e s s  steel 
screen are presented i n  Figure 30. 
of many pores. 
The poros i ty  is approximately 3% i n  t h e  bottom 
These p i c tu re s  reveal the  presence 
The m e l t  w a s  very near ly  i n  f ree- f loa t  conditions.  The macrostructure 
reveals t h a t  contact with the  conta iner ,  and therefore  heat ex t r ac t ion ,  
occurred a t  only a few places.  These regions contain a f i n e  lamellar 
s t r u c t u r e  i n  elongated colonies r ad ia t ing  away from the  poin t  of contact.  
After t h a t ,  degeneration of t he  s t r u c t u r e  occurs as i n  t h e  cont ro l .  
One extremely i n t e r e s t i n g  f e a t u r e  of t h e  f l i g h t  sample is t h e  existence 
of s eve ra l  regions which can b e s t  be described as r o s e t t e s  o r  flower p e t a l s  
(Figure 31). 
of "Chinese s c r i p t "  (Figure 32a), surrounded by r ad ia t ing  elongated colonies 
of f i n e  lamellar e u t e c t i c  (Figure 32b). These form the  pe t a l s .  The outer  
periphery occurs as the  s t r u c t u r e  degenerates t o  coarse random lamellae. It 
is d i f f i c u l t  t o  e s t a b l i s h  unequivocally t h e  sequence of events leading t o  
the  formation of these  rose t t e s .  It may be  t h a t  t h e  s c r i p t  area nucleated 
on the  container w a l l ,  broke loose,  and then f loa t ed  i n  t h e  m e l t  as a par t ic le  
f o r  a time. 
s t i t u t i o n a l l y  o r  thermally supercooled. 
t h e  s t r u c t u r e  became degenerate, poss ib ly  due t o  a change i n  growth conditions,  
such as t h a t  which could have been caused by t h e  l a t e n t  hea t  re leased  by t h e  
growing r o s e t t e .  
These have a c e n t r a l  core  cons is t ing  of a s t r u c t u r e  reminiscent 
Subsequent growth may have occurred as the  m e l t  became con- 
Af te r  growth proceeded f o r  a time, 
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d. X-ray 
X-ray Laue back r e f l e c t i o n  p a t t e r n s  w e r e  obtained from both t h e  outer 
surface of 7F and Section 7F-A-00. 
The sur face  of 7F (which w a s  t he  b r i g h t e s t  and s h i n i e s t  a t  t h e  t i m e  
of opening) i s  po lyc rys t a l l i ne .  There is  a prefer red  o r i en ta t ion  t o  the  
s t r u c t u r e  as evidenced by t h e  presence of d i f f r a c t i o n  a r c s  ( r a the r  than 
f u l l  r ings  t h a t  would be obtained from random or i en ta t ion ) .  
surface provided a multi tude of spots ,  i nd ica t ing  a cont r ibu t ion  from two 
o r  three areas of uniform o r i e n t a t i o n  (monocrystal areas) which are 
misoriented from one another. 
The 7F-A-00 
X-ray d i f f r a c t i o n  ana lys i s  of 7F ind ica t e s  t h a t  t h e  sample cons i s t s  
of approximately equal q u a n t i t i e s  of a-In and I n  B i ,  with no o ther  
c r y s t a l l i n e  phases detected.  
2 
3 .  Sample 8 
The No, 8 samples contained copper coated tungsten spheres,  argon 
gas and the  In-Bi e u t e c t i c  a l loy .  The ob jec t ive  of t h i s  demonstration w a s  
t o  achieve a uniform dispers ion  of t he  dense spheres and argon gas bubbles 
i n  an aligned lamellar e u t e c t i c  matrix. 
a. Radiographs 
Figures 33 and 34 are radiographs a t  0' and 90" of t he  con t ro l  and 
f l i g h t  capsules, respec t ive ly .  The down d i r e c t i o n  f o r  t he  con t ro l  sample, 
and t h e  hea t  s ink  pos i t i on  i n  both cases, i s  a t  t h e  bottom of t h e  p ic ture .  
The con t ro l  sample is  i n  contact with t h e  bottom and w a l l  of the  capsule. 
The indicated convex shape of t he  top sur face  is  misleading. It i s  probably 
due t o  loose tungsten spheres--the t r u e  s o l i d  sur face  i s  more near ly  f l a t  
(see below). 
i so l a t ed  places.  
observed f o r  t h e  two samples (see below). 
The f l i g h t  sample i s  i n  contact wi th  t h e  capsule only a t  
These p a t t e r n s  are cons is ten t  with the  macrostructures 
b. 
Figures 35 through 37 are photographs of t h e  samples a f t e r  removal 
Samples After Removal From the  Capsule 
from t h e  capsules. The d u l l  sur face ,  p a r t i c u l a r l y ,  of the  f l i g h t  sample 
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i s  a r e s u l t  of being covered with tungsten spheres (unresolvable at t h i s  
magnification). 
top surface.  
The con t ro l  sample can be seen t o  have a reasonably f l a t  
Figure 38 presents  photographs of t h e  No. 8 samples a f t e r  t h e  f i r s t  
longi tudina l  sec t ions .  The saw has o b l i t e r a t e d  most of t he  i n t e r n a l  
s t r u c t u r a l  d e t a i l s .  
c. S t r u c t u r a l  Observations 
No. 8 Control 
Figure 39 is the macrostructure of Section 8C-A-00. There are few 
tungsten spheres i n  the  bulk of t he  con t ro l  sample. 
trapped i n  the matrix of t he  l a s t  material t o  f r eeze  a t  t h e  end opposite 
There are a few 
the  c h i l l .  The remainder of t h e  spheres were not incorporated i n t o  t h e  
s o l i d i f i e d  sample and were found on t h e  ex te rna l  sur faces  (Figure 40). 
I f  any of t he  spheres w e r e  dispersed i n  t h e  m e l t  p r i o r  t o  s o l i d i f i c a t i o n ,  
they were pushed ahead by t h e  l iqu id-so l id  i n t e r f a c e  because of t h e i r  non- 
wetting c h a r a c t e r i s t i c s  o r  s e t t l e d  out under g rav i t a t ion .  
The macrostructure ind ica t e s  t h a t  f reez ing  d id  not occur i n  a planar 
i n t e r f a c e  normal t o  t he  ax i s  of t h e  sample. There even appears t o  be 
some independent nucleation a t  seve ra l  po in t s  on t h e  w a l l  of t h e  container.  
A number of I n  B i  dendr i t e s  can be seen i n  an area of t h e  end opposite t he  2 
c h i l l  (Figure 41).  The most l i k e l y  reason f o r  these  is the  m e l t  being off 
t he  e u t e c t i c  composition. 
No. 8 F l igh t  
Figure 42 is  a schematic of t he  sec t ions  which w e r e  taken of sample 
8F-A. The macrostructure of Section 8F-A-00 is  shown i n  Figure 39. A 
considerable number of t he  spheres are found within t h e  sample, p r imar i ly  
i n  the  shrinkage pores (Figures 43 and 44). A s  with the o ther  f l i g h t  
Samples 4 and 7 ,  s o l i d i f i c a t i o n  appears t o  have i n i t i a t e d  a t  a number of 
sites, so  t h a t  t he  pore and sphere d i s t r i b u t i o n  is macroscopically qu i t e  
uniform throughout the  sample. 
J 
This sample is unique among t h e  No.  4 ,  7 and 8 samples i n  t h a t  t he  
microstructure has l a r g e  areas of aligned f i n e  lamellar e u t e c t i c  t y p i c a l  
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of the  classical d i r e c t i o n a l l y  s o l i d i f i e d  e u t e c t i c s  (Figure 4 5 ) .  This 
i s  probably t h e  r e s u l t  of a l l o y  chemistry and s o l i d i f i c a t i o n  rate which 
occurred only i n  t h i s  sample. Several r o s e t t e  growth s t r u c t u r e s  can 
a l s o  be  seen (Figure 4 6 ) .  
d. Chemistry 
Qua l i t a t ive  emission spectrographic ana lys i s  of chips from Sample 8C-A 
indicated the  presence of s m a l l  amounts of W and Cu i n  the  In-Bi matrix 
(Table 4 ) .  
entrapment of the  spheres i n  t h e  con t ro l  sample. 
The low W and Cu contents support t h e  l ack  of a g r e a t  d e a l  of 
e. X-ray 
An X-ray d i f f r a c t i o n  scan of t h e  8F-A-00 sur face  indicated approxi- 
2 mately equal q u a n t i t i e s  of a-In and I n  B i .  
because the  p r inc ip l e  tungsten peaks are masked by the  matrix cons t i tuent  
peaks. 
Tungsten was  not detected 
An X-ray Laue back r e f l e c t i o n  photograph indicated two o r  t h r e e  areas 
of uniform o r i en ta t ion  which are misoriented relative t o  one another. 
C. LABORATORY EXPERIMENTS 
A few experiments w e r e  performed i n  the  labora tory  t o  support o r  
e luc ida te  some of t h e  observations made on t h e  con t ro l  and f l i g h t  samples. 
1. Microstructures 
An attempt w a s  made t o  dupl ica te  the  "Chinese s c r i p t "  s t r u c t u r e s  
which w e r e  observed i n  several of t h e  samples. One of t h e  main va r i ab le s  
w a s  believed t o  be t h e  s o l i d i f i c a t i o n  rate. In-Bi a l l o y  from a N o .  7 
spare capsule w a s  melted i n  an alumina crucible.  
w e r e  s o l i d i f i e d  by (1) c h i l l  ca s t ing  i n t o  a cold copper mold,-(2) a i r  
cooling t h e  c ruc ib l e  and m e l t  and (3) furnace cooling the  c ruc ib l e  and 
m e l t .  The samples w e r e  then examined metallographically.  Aside from 
obvious d i f fe rences  i n  lamellae width, t he  s t r u c t u r e s  w e r e  s i m i l a r .  
There w a s  no degenerate o r  s c r i p t  s t ruc tu re .  
Small buttons of a l l o y  
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TABLE 4 
QUALITATIVE EMISSION SPECTROGRAPHIC ANALYSIS 
OF SANPLE 8F-A-00 








A1 10-100 ppm 
Cr, Pb, Pd, Sn, Si, T1 3-30 ppm 
Ca, Fe, N i  1-10 ppm 
Ag,  Mg 0.3-3 ppm 
Mn 0.1-1 ppm 
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It w a s  concluded t h a t  t he  s o l i d i f i c a t i o n  rate alone is  not responsible 
f o r  t h e  s c r i p t  s t ruc tu re .  Solute d i s t r i b u t i o n  and temperature grad ien t  are, 
of course, add i t iona l  f a c t o r s  which are undoubtedly important. 
2. Macrostructures 
The macrostructures i n  the  majority of the  samples suggested very 
l i t t l e  d i r e c t i o n a l i t y  i n  the  s o l i d i f i c a t i o n  process. A sample w a s  
d i r ec t iona l ly  s o l i d i f i e d  i n  a Pyrex tube a t  about 10 cm/hr by lowering 
it out of a furnace a t  500°F i n t o  flowing cold water about an inch from 
the  end of t he  furnace. The longi tudina l  s ec t ion  of t h e  sample showed a 
g rea t  number of In2BI primary dendr i tes  i n  t h e  bottom t h i r d  of t he  cas t ing ,  
longi tudina l ly  aligned. This sample, as w a s  Sample 8 C ,  w a s  off  e u t e c t i c  
composition. The upper p a r t  of t he  sample consisted of highly aligned 
( longi tudina l ly)  e u t e c t i c  colonies.  This degree of alignment w a s  observed 
only i n  very s m a l l  por t ions  of Samples  46 and 7C. It appears t h a t  
modifications should be made t o  t h e  Apollo 1 4  experimental apparatus i n  
order t o  improve t h e  d i r e c t i o n a l i t y  of t he  composites. 
3 .  S o l i d i f i c a t i o n  Shrinkage 
A number of observations which w e r e  made on t h e  samples indicated 
t h a t  t he  In-Bi e u t e c t i c  a l l o y  shr inks  on s o l i d i f i c a t i o n .  A t  the  same t i m e ,  
there  w a s  some uncer ta in ty  among t h e  various inves t iga to r s  of t he  Apollo 14 
demonstration samples on t h i s  subjec t .  
s o l i d i f i c a t i o n  shrinkage w a s  obtained by d i r e c t i o n a l l y  so l id i fy ing  the  
e u t e c t i c  i n  a graduated tube s o  t h a t  a reasonably planar i n t e r f a c e  re- 
su l ted  a f t e r  completion of freezing. Measurement of t h i s  i n t e r f a c e  
pos i t ion  i n  the  l i qu id  and i n  the  s o l i d  j u s t  below t h e  melting poin t  
yielded a shrinkage value of 2%. On a volume b a s i s ,  t h i s  i s  6%. However, 
An approximate value f o r  t h e  
because of t he  d i r e c t i o n a l  na ture  of t h e  s o l i d i f i c a t i o n ,  t h e  t r u e  volume 
cont rac t ion  on f reez ing  is  probably c lose r  t o  2% than 6%. 
4. Thermal Conductivity 
The e u t e c t i c  appears t o  have a very low thermal conductivity,  making 
i t  d i f f i c u l t  t o  maintain a planar growth i n t e r f a c e  without t h e  use of a 
moving hea t  source. Even i n  a Pyrex container,  immersing i t s  t i p  i n  cold 
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water resu l ted  i n  a l a rge  pipe a t  t h e  top a f t e r  completion of s o l i d i f i c a t i o n .  
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V I .  CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 
0 Direc t iona l  S o l i d i f i c a t i o n  
Observations, p a r t i c u l a r l y  of t h e  macrostructures, i nd ica t e  t h a t  
s o l i d i f i c a t i o n  i n  both the  con t ro l  and f l i g h t  samples w a s  no t  unidirec- 
t i ona l .  
and procedure. 
This problem can be solved by changes i n  the  experimental design 
e Differences i n  Nucleation and Growth 
Even without s o l i d i f i c a t i o n  d i r e c t i o n a l i t y ,  i n t e r e s t i n g  s t r u c t u r a l  
Some d i f fe rences  were observed between the  f l i g h t  and con t ro l  samples. 
of these  are r e l a t e d  t o  the  na tu re  of t h e  contact between t h e  l i q u i d  and 
the  capsule. I n  t h e  f l i g h t  samples, t h e r e  w a s  a t  b e s t  i n t e rmi t t en t  
contact,  r e s u l t i n g  i n  unusual nuc lea t ion  and growth s t r u c t u r e s  (such as 
the  r o s e t t e s ) .  These r e s u l t s  enhance t h e  probable implications of the  
f r ee - f loa t  s t i n g  experiments planned f o r  Skylab, and suggest t h a t  very 
i n t e r e s t i n g  s o l i d i f i c a t i o n  s t r u c t u r e s  should r e s u l t .  
e Dispersion 
While t h e  non-wetting c h a r a c t e r i s t i c s  of the  whiskers and spheres 
clouded t h e  r e s u l t s  somewhat, it is  c l e a r l y  evident t h a t  i t  i s  poss ib le  
t o  produce d ispers ions  of gases and dense phases i n  a m e l t  which can be 
maintained during t h e  s o l i d i f i c a t i o n  process only in  reduced gravi ty .  
B . RECOMMENDATIONS 
The observations made on t h e  Apollo 1 4  demonstration samples suggest 
s eve ra l  modifications or new approaches which might be taken i n  f u t u r e  
experiments. 
e Direc t iona l  S o l i d i f i c a t i o n  
There are seve ra l  modifications t h a t  can be  made t o  improve d i rec-  
t i o n a l i t y  of s o l i d i f i c a t i o n .  
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Direc t iona l i t y  will be improved by using a matrix of higher thermal 
conductivity, such as A1-33% Cu. However, from melting poin t  considerations,  
t he  In-Bi eu tecc ic  may be the  only l o g i c a l  choice. 
The use of a low thermal conductivity material f o r  t h e  conta iner  walls, 
and high thermal conductivity material f o r  t h e  conta iner  bottom w i l l  improve 
d i r e c t i o n a l i t y .  
The bottom could be aluminum, copper, o r  even silver. Any materials which 
are contemplated should be checked f o r  compat ib i l i ty  with the  matrix. 
The walls might be a g l a s s ,  a ceramic, or  s t a i n l e s s  steel. 
A two-stage r e s i s t ance  hea ter  might be used, i n  which t h e  top half is 
p a r t i a l l y  powered during s o l i d i f i c a t i o n  t o  assist i n  maintaining a tempera- 
t u r e  grad ien t  during s o l i d i f i c a t i o n .  Additional capsule mass a t  t h e  top t o  
s t o r e  hea t  could provide t h e  same function. 
8 
0 Dispersions 
The advantages of reduced g rav i ty  i n  maintaining a d ispers ion  during 
s o l i d i f i c a t i o n  would have been even more s t r i k i n g  had the  d i spe r san t s  been 
w e t  by t h e  m e l t .  A more 
sophis t ica ted  v a r i a t i o n  would include the  use of two growth rates f o r  a 
given d ispersant  s i z e ,  f a s t e r  and slower than t h e  cr i t ical  rate required 
f o r  incorporation of a p a r t i c l e  as measured i n  the  terrestrial laboratory.  
Such an experiment would be very i n t e r e s t i n g ,  
e Maintenance of Heat Flow 
While the  lack of contact of m e l t  and container i n  the  f l i g h t  samples 
produced some very i n t e r e s t i n g  r e s u l t s ,  it would a l s o  be use fu l  t o  car ry  
out experiments i n  reduced g rav i ty  i n  which contact is  ensured. 
approach might u t i l i z e  spring mechanisms, as i n  the  Skylab d i r e c t i o n a l  
s o l i d i f i c a t i o n  apparatus. 
One 
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APPENDIX A 
PHASE I - SAMPLE SELECTION 
A. INTRODUCTION 
The initial phase of this contract consisted of a brief study of 
materials and fabrication techniques which could be used in the Composite 
Casting Demonstration. During this time, other contractors were consid- 
ering metal matrix composites, immiscible liquidlsolid systems of two or 
more components, and mixtures of gas and solid phase materials. 
staff were also examining materials combinations as well as completing 
the details of the equipment and procedures to be used in the casting 
demonstration. Arthur D. Little, Inc., was assigned the study of inor- 
ganic and organic materials which might be used to simulate metal matrix 
composite preparation or directional solidification. 
NASA 
This study consisted of: 
initial screening of possible simulant materials 
0 laboratory tests to determine materials suitability 
0 preparation of procedures which could be used for the 
casting demonstration 
A s  this work proceeded, the plans for the Apollo 14 casting demonstration 
were finalized. The materials we examined were not included in the final 
experiment configuration because of time pressures, uncompleted toxicity 
measurements, etc., and our efforts in this initial phase were discon- 
tinued in favor of examining the samples used in the flight program. 
This Appendix briefly documents some of this early work. 
B. INITIAL MATERIALS SELECTION 
We considered several types of materials as candidates for simulants 
of metal matrix composites: inorganic salt hydrates; salt eutectics; 
fluorocarbons; organic phosphates and silicates; and low melting organics. 
Fibers, whiskers and particles of metals, carbon, and inorganics were 
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Melting point below 170'F 
Low toxicity 
Low flammability 
Low vapor pressure , 
Readily available--flight approved materials 
Good simulant for crystalline metal matrix 
Transparent, if possible 
Significant density difference between matrix and 
reinforcing material 
Wetting of reinforcing material by matrix 
Chemical and physical compatibility of matrix materfal, 
reinforcing material and container 
Astronaut safety was of prime importance 
1. Inorganic Salt Hydrates 
There are many congruent melting salt hydrates which have low 
melting points. A typical example is calcium nitrate tetrahydrate 
(Ca(N03)2 4 H20). 
crystalline structures, and are easy to work with, 
difficulties for use because of vaporization of water and changes in 
stoichiometry and in the problems.of nucleation--some inorganic hydrates 
supercool considerably and must be nucleated by seed crystals. 
These materials are relatively inert, form defined 
They present some 
2. Salt Eutectics 
There are over 60 halide eutectics which could also be used as 
materials for the composite experiment. 
tional solidification either with or without fibrous materials. These 
experiments might simulate the directional solidification of the copper- 
aluminum alloy of the M-512 experiment. Directional solidification of 
These could be used for direc- 
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e u t e c t i c s  i n  zero-g may lead  t o  unique s t r u c t u r e s  because of t h e  absence 
of convective e f f e c t s .  
thought t o  be the  corrosiveness of t he  materials. 
The p r inc ipa l  d i f f i c u l t y  with salt  e u t e c t i c s  w a s  
3. Fluorocarbons 
Fluorocarbons genera l ly  include a l l  organic compounds containing 
f luo r ine ;  however we r e s t r i c t e d  our a t t e n t i o n  t o  those containing only 
carbon, hydrogen and f l u o r i n e  s ince  these  are t h e  least flammable and 
least r e a c t i v e  chemically. Unfortunately, most of t h e  fluorocarbons are 
l i q u i d s  with melting po in t s  ou ts ide  t h e  range of i n t e r e s t  t o  t h e  program; 
however, several have melting po in t s  below 170'F. The p r inc ipa l  problem 
expected of fluorocarbons i s  t h e i r  p o t e n t i a l  t o x i c i t y .  
4,  Organic Phosphates and Silicates 
Several organic phosphates and si l icates have t h e  appropr ia te  
melting range and form w e l l  defined c r y s t a l l i n e  s t ruc tu res .  
p a l  problem with these  materials are t h e i r  p o t e n t i a l  t o x i c i t y  and t h e  
d i f f i c u l t y  i n  obtaining them i n  des i red  pur i ty .  
The pr inc i -  
5. Low Melting Organics 
A l a r g e  number of organic compounds form t ransparent  c r y s t a l l i n e  
s t r u c t u r e s  and have melting po in t s  i n  the  proposed range of t h e  composite 
cas t ing  experiment. 
nitrogen d e r i v a t i v e  of succ in ic  ac id  (NCCH CH CN).  2 2  
been used by inves t iga to r s  i n  model s t u d i e s  of composites .(3) Succinoni- 
t r i le  i s  a c r y s t a l l i n e  organic with a sharp melting point of 54.5"C and 
thus can simulate metals which are a l s o  genera l ly  c r y s t a l l i n e .  
material has been used before i n  earth-bound modeling experiments. It 
i s  a t ransparent  organic and can be observed because of s t r a i n  induced 
color changes during t h e  s o l i d i f i c a t i o n  process. 
and t o x i c i t y  need t o  be examined c lose ly ,  t h e  n i t rogen  s u b s t i t u t i o n  may 
An example of t hese  i s  s u c c i n o n i t r i l e ,  which is a 
This material has  
The 
While t h e  flammability 
r e s u l t  i n  decreased flammability over o ther  organic compounds. 




d r i t i s h  Ministry of Technology Establishments, Berks, England, New 
S c i e n t i s t ,  23 November 1967, p. 481. 
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6. Additives 
Many metals can be obtained i n  whisker o r  f i b e r  form and could be 
used as a re inforc ing  material. 
achieved by using w i r e s  of beryllium, aluminum, steel o r  tungsten. 
Filaments of g l a s s ,  boron, graphi te  or  s i l i c o n  carb ide  a l s o  are r ead i ly  
ava i l ab le ,  along with whiskers of s i l i c o n  carbide,  aluminum oxide o r  
s i l i c o n  n i t r i d e .  2 3  
could a l s o  be used. 
of various d e n s i t i e s ,  w e  devoted only l imi ted  a t t e n t i o n  t o  s e l e c t i o n  and 
examination of re inforc ing  materials. 
A wide range of d e n s i t i e s  could be 
Spheres of oxides (A1203, Z r  0 ) and metals (Cu, W) 
Because of t h i s  wide range of ava i l ab le  materials 
7. Materials Selected 
Table A-1 shows t h e  p r inc ipa l  materials examined and se l ec t ed  e a r l y  
i n  the  program along with t h e  p o t e n t i a l  problems expected of each mate- 
r ia l .  
decafluorobiphenyl and benzophenone f o r  labora tory  screening tests. 
From t h i s  screening w e  s e l ec t ed  C O ( N O ~ ) ~ ,  tri-p-tolylphosphate, 
C . LABORATORY SCREENING TESTS 
A series of simple labora tory  tests were conducted t o  determine the  
c r y s t a l l i z a t i o n  behavior--nucleation rate, and apparent strength-- 
materials compat ib i l i ty ,  flammability, and wetting c h a r a c t e r i s t i c s  of 
t h e  materials shown below: 
Material MP - Charac te r i s t i c s  
C O ( N O ~ ) ~  6 H20 135°F Readily a v a i l a b l e  labora tory  reagent,  
Tri-p-tolylphosphate 169-170OF Eastman Kodak No. 1483 
Decafluorobiphenyl 155'F Aldrich Chemical, D-22-7 
Benzophenone 120°F Readily ava i l ab le  labora tory  reagent,  
red monoclinic c r y s t a l s  
rhombic c r y s t a l s  
1. C r y s t a l l i z a t i o n  Behavior 
The c r y s t a l l i z a t i o n  behavior w a s  observed by melting and recys ta l -  
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TABLE A- 1 
PRINCIPAL MATERIALS SCREENED AND 
SELECTED FOR LABORATORY TESTS 
Potential Problems 
1. Inorganic Salts and Hydrates 
NaAc 
2. Inorganic Eutectics 
Over 60 Chlorine Salt 
Eutectics including: 
GaC13 - CuCl 
KC1 - SbC13 
GaC13. - NaCl 
GaC13 - CdC13 
AgN03-T1 NO3 
HgC12 - SbC13 







Supercooling problems, requires 
nucleat ion 
Checkout in Lab 
Compatibility of chlorides with 
container 
Low melting point (120'F) 
Checkout in Lab; if CO(NO~)~ is 
not found suitable 
Recrystallization problems may 
occur 
Compatibility problems and poten- 
tial toxicity 
Toxicity 
Checkout in Lab 
Checkout in Lab if decafluorobi- 
phenyl unsuitable 
F l a m b  ili t y 
Flammability 
F lammab il it y 
Low melting point 
39 
Arthur D Little, Inc 
TABLE A-1 - Continued 
Potential Problems 















Checkout in Lab 
Low melting point 
Quest ionable availability 
Low melting point 
N dompounds on decomposition, 
toxicity 
N compounds on decomposition, 
toxicity 
Toxicity 
Low melting point 
Flammability 
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Glass Vial Tests 
Use 3 1 / 2  gm each material in glass vials, flush with nitrogen, 
seal with screw caps 
Place in room temperature water, heat slowly, remove when 
melted 
Cool in insulating Styrofoam block (a) with directional heat 
transfer 
Observe crystallization rate and nucleation 
Aluminum Tube Tests 
Use 5 gm each material in A1 tube, flush with N seal with 
glass slide and silicone grease 
2 ’  
Place in room temperature water, heat slowly and remove 
when melted 
Cool in (e) insulating Styrofoam block; (d) desk top; (e) ice 
water (total immersion); (f) ice water (partial immersion) 
Observe crystallization rate and nucleation 
The results of these tests are given below: 
Melt Time Crystallization Time 
Crystallization Rate (min) (min) 
f - e -d -C - b - a -
1 Co(N03)2 5- 6 19 20 24 13 2 2 
2 Tri-p-tolylphosphate 7 -- 5 16 10 1.5 2 
3 Decafluorobiphenyl 3- 4 -- 2 10 12 1 1 
4 Benzophenone 5- 6 28 > 60 > 60 > 60 > 60 > 60 
Conditions 
(a) 
(b) Repeat of (a) 
Glass container in Styrofoam insulation 
(c) Aluminum container in Styrofoam 
(d) Aluminum container on desk 
(e) 
(f) 
Aluminum container immersed in ice water 
Aluminum container with bottom in ice water 
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Nucleation 
(1) Co(N03)2 Spontaneous 
(2) Tri-p-tolylphosphate Spontaneous 
(3) Decafluorobiphenyl Spontaneous 
( 4 )  Benzophenone Does not nucleate by itself, 
Fresh copper and glass nucleate, 
Tungsten does not 
These results indicated that benzophenone was probably not suitable 
because of the uncontrollable nucleation rates. Relative strength of 
the materials was observed by inserting sharp objects into the crystal- 
lized substances. Co(N0 ) was the least strong; some liquid was pre- 
sent in several samples. 
removed without much difficulty. 
3 2  
The other materials seemed strong enough to be 
2. Materials Compatibility 
Materials compatibility was determined by examination of containers 
and wire inserts after repeated contact with the four sample materials. 
The results indicated no specific compatibility problems with aluminum, 
stainless steel, or most reinforcing additives. We found that tri-p- 
tolylphosphate may discolor aluminum and thus be indicative of possible 
chemical reaction. 
3. Flammability 
Simple flammability tests were conducted by heating samples with 
We found that cobalt nitrate was not flammable in an open gas flame. 
air; tri-p-tolylphosphate burned in air under prolonged heating but was 
self-extinguishing in air; decafluorobiphenyl burned and smoked in air 
under prolonged heating but was self-extinguishing; and benzophenone 
burned in air. 
evaluation. 
Samples of these materials were submitted to^NASA for  
4 .  Wetting 
We examined the wetting characteristics of each sample material 
with copper, aluminum, tungsten, boron and Teflon by inserting cleaned 
42 
Arthur D Little, Inc 
f i b e r s  i n t o  molten samples and observing t h e  meniscus formed a t  t h e  
in t e r f ace .  W e  obtained t h e  following r e s u l t s :  




I1  11 I1  11 I t  B 
I1  11 11 I 1  11 11 I1  
I 1  11 11 11 I t  11 11 
5. Toxicity 
W e  d id  not test samples f o r  t h e i r  t o x i c i t y .  However, on t h e  b a s i s  
of handbook da ta  and t h e  chemical formulation of t h e  materials, w e  esti- 
mated t h e  following order of t o x i c i t y  f o r  t he  samples: 




6. Overall  Acceptabili ty 
On t h e  b a s i s  of t hese  test r e s u l t s ,  we  concluded t h a t  cobal t  n i t r a t e  
w a s  t h e  most acceptable material and t h a t  decafluorobiphenyl w a s  next 
most promising. 
t o x i c i t y  and flammability tests. 
The f i n a l  choice of samples would have t o  await de t a i l ed  
D. SAMPLE PREPARATION AMD EXAMINATION PROCEDURES 
During t h e  f i r s t  phase of t h e  program, w e  prepared procedures f o r  
Some of preparing and examining samples f o r  t h e  Apollo 14  experiment. 
these  procedures w e r e  discarded because the  materials were not  included 
i n  t h e  f i n a l  sample se l ec t ion .  
changed as t h e  experiment evolved. 
of t h e  procedures developed. 
Other procedures w e r e  modified and 
Tables A-2 and A-3 are r ep resen ta t ive  ’ 
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TABLE A-2 
EXPERIMENT NO. 11 -- FIBERS IN SIMULATED METAL MATRIX 
Objective: 
(or translucent) crystalline matrix which simulates a metal matrix. 
To prepare a fiber composite in zero-g using a transparent 
Significance: An easily visualized 3 dimensional distribution and 
alignment of fibers in a matrix of significantly different density. 
Procedure for Performing Experiment (Astronaut) 
a. Heat (standard time) 
b. Remove and shake (standard shake) 
c. Directionally cool (standard time) 
Procedure for Preparation of Experiment 
a. Components -- decafluorobiphenyl, cobalt nitrate or 
sodium acetate crystals 
-- uncoated (or coated) boron fibers 
(100 mil long) 
-- tungsten mixer--to be determined based 
on other experiments 
b. Composition -- 12 volume % fibers 
c. Specimen Procedures : 
Boron fibers: clean with organic solvents and distilled 
water; dry 
Crystals : recrystallize three times 
Mixture : melt crystals, mix in fibers, pour into 
flight container, continue agitation 
until solidified (at MSFC) 
Seal : seal tubes (using "0" ring and EB weld) 
d. Specimen Quantity for 12% volume fiber, 20% argon 
3 Argon - 3.25 cm 
Decafluorobiphenyl - 19.6 g 
or Cobalt Nitrate - 20.8 g 
or Sodium Acetate - 15.5 g 
Boron Fibers - 5.0 g 
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TABLE A-2 - Continued 
Evaluation Procedure for Returned Sample 
1. Visual 
2. Photographic (macro and micro) 
3. Electron microscopy 
4 .  Mechanical tests (compression, shear) 
5. Others as appropriate 
Miscellaneous 
Removal of Sample From Container 
Cut off both ends of sample container; push out with plunger 
Alternates: a. machine off aluminum 
b. dissolve (with biphenyl) 
c. cool sample, use heat pulse to melt outer 





4 .  
Aluminum Oxide or Boron Filaments - Coating not required. 
whiskers should be clean. 
Fibers and 
Decafluorobiphenyl - Do not recrystallize since this may introduce 
impurities. Melt in clean sealed glass tubes, purged with argon. 
Use controlled oil bath for melting. 
stainless steel screen only if molten material not clear. 
Filter using clean 50-60 mesh 
Cobalt Nitrate - Recrystallization not necessary. 
sealed glass tubes, purged with argon. Use controlled oil bath for 
melting, make sure water is not vaporized during melting or adsorbed 
by molten material--use a tightly sealed system. 
and seal rapidly to avoid loss or gain of water. 
Melt in clean 
Transfer quickly 
Sodium Acetate - Follow TRW established procedures, note that 
paraffin is not one of the components used, but may be used as a 
sealer. 
or gain of water. 
Transfer and sealing should be done rapidly to avoid loss 
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TABLE A-3 
PRELIMINARY EVALUATION PROGRAM -- APOLLO 1 4  
METAL COMPOSITES CASTING DEMONSTRATION 
.. 
Experiment No. 2, 4 ,  5, 7, 8, 10 and 13 
Preliminary recommendations f o r  handling 
con t ro l  samples are: 
I. SPECIMEN HANDLING 
A. P r i o r  t o  evaluation -- For t h e  metal 
and ana lys i s  of pos t - f l igh t  and 
matrix composites, t h e  only 
important r e s t r i c t i o n  a f t e r  t h e  experiment has  been performed, both 
i n  the  labora tory  and pos t - f l igh t ,  is  temperature con t ro l ,  The 
upper end of permissible temperature is  the  remelt temperature. 
Rapid changes of temperature (e.g., dunking i n  sea water) a t  t h e  
l o w  end should be avoided because of poss ib le  cracking of b r i t t l e  
cons t i tuents  and in t e r f aces .  
11. EVALUATION PRIOR TO REMOVAL OF SPECIMENT FROM CAPSULE 
A. Bulk radiography t o  determine f i l l i n g  of t h e  capsule by t h e  casting. 
111. REMOVAL OF CASTING FROM CAPSULE 
A, Machine off end cap, using s u f f i c i e n t  coolant, and remove the  
casting. I f  t h e  cas t ing  cannot e a s i l y  be removed, then a l te rna-  
t i v e s  B and C w i l l  be employed, e i t h e r  ind iv idua l ly  o r  i n  combina- 
t ion. 
B. Machine off t he  capsule,  using s u f f i c i e n t  coolant.  
C.  Chemically remove the  capsule i n  a sodium hydroxide so lu t ion .  
I V .  POST REMOVAL EVALUATION 
A. Measure bulk dens i ty  of t h e  cas t ing  t o  provide one measure of t h e  
volume percent gas content. 
B. Examine t h e  e x t e r i o r  sur face  of t h e  cas t ing  t o  provide d e t a i l  of 
shape, sur face  morphology, presence of voids,  spheres, and. f i b e r s .  
Record photographically any such fea tures .  c 
C. Perform point source stereoradiography t o  determine the  d i s t r ibu -  
t i o n  of f i b e r s ,  spheres, and pores i n  each cas t ing .  This w i l l  help 
i d e n t i f y  those areas from which mechanical and metallographic sam- 
p l e s  should be taken. Predetermined sec t ion ing  schemes run t h e  
danger of missing important f e a t u r e s ,  p a r t i c u l a r l y  i f  t he re  are 
inhomogeneities i n  t h e  cas t ing .  
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TABLE A-3 - Continued 
D. Sectioning of t h e  cas t ing  t o  obta in  samples  f o r  mechanical property 
tests w i l l  r equ i r e  a diamond w i r e  s a w  f o r  t h e  samples containing 
spheres, f i b e r s ,  and whiskers. An ac id  s t r i n g  s a w  can a l s o  be used 
t o  sec t ion  t h e  metal-gas samples. 
E. Metallograph Specimen Preparation 
a. Mounting - Castable p l a s t i c s  should be used. Mechanical 
mounting can be used where t h e  p l a s t i c s  are inappropriate.  
b. Surface preparation - Mechanical or  chemical polishing should 
be used, but t he re  are d i f f i c u l t i e s  with composite materials. 
Abrasive b l a s t  equipment can a l s o  be used t o  develop sur face  
topography. I n  c e r t a i n  cases, argon ion  etching should be 
used as t h i s  w i l l  both e t ch  and develop topography. 
F. Microscopy - Optical microscopy can be employed t o  determine t h e  
general s t r u c t u r a l  d e t a i l s .  
study sur face  topography. 
r e p l i c a  e l ec t ron  microscopy can be used i f  t h e  o p t i c a l  observation 
ind ica t e s  a need f o r  higher reso lu t ion .  
In te r fe rence  microscopy can be used t o  
The scanning e l ec t ron  microscope and 
G. Mechanical Tests 
a. Micro and macro hardness tests can be performed on t h e  
metallographic samples. 
b. A t e n s i l e  test can be performed on a por t ion  of each 
cas t fng ,  provided the  point source stereoradiography indi- 
c a t e s  a s u f f i c i e n t  amount of material which is macroscopi- 
c a l l y  homogeneous. Otherwise, a bend test  can be 
performed, using a sample 0.1 x 0.2 x 3/4 i n .  
sur face  w i l l  be examined i n  t h e  scanning e l ec t ron  micro- 
scope. 
The f r a c t u r e  
H. Electron Microprobe - This technique can be used i f  t he re  are any 
ind ica t ions  of r eac t ion  between t h e  matrix and t h e  spheres, f i b e r s ,  
and whiskers. This i s  unl ike ly  a t  the  low temperatures involved. 
The technique can a l s o  be used i f  t h e  d i s t r i b u t i o n  of th-e matrix 
cons t i t uen t s  cannot be resolved by the  o the r  microscopy techniques. 
I. Additional Al te rna t ive  Tests 
a. Gas ana lys i s  - t o  measure the  volume and composition of t he  
gas. 
end cap, removing gas with hypodermic tubing, and analyzing 
with m a s s  spectrometry o r  gas chromatography. 
This can be accomplished by c a r e f u l l y  machining t h e  
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TABLE A-3 - Continued 
b. Sonic measurements - velocity and a intact 
samples or sections of samples. 
9 ,  Comparison of Test Results - All tests' results 
to control samples prepared under laboratory (18) condit 
48 
Arthur D Little, Inc 
FIGURES 
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FIGURE 1 REPRESENTATIVE TEMPERATURE - TIME PROCESSING 
CYCLE FOR APOLLO 14 DEMONSTRATION SAMPLES 
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O0 goo 
FIGURE 3 X-RAY RADIOGRAPHS OF SAMPLE 4C 
O0 goo 
E 4 X-RAY RADIOGRAPHS OF SAMPLE 4F 
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a. 
b. 
FIGURE 5 SIDE VIEWS OF SAMPLE NO. 4C-00 AFTER 
REMOVAL FROM CAPSULE 
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FIGURE 6 SIDE VIEWS OF SA PLE NO. 4 ~ 4 0  AFTER 
REMOVAL F R ~ ~  CAPSULE 
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a. 
b. 
FIGURE 7 END VIEWS OF SAMPLES 4C-00 AND 4F-00 
AFTER REMOVAL FROM CAPSULE 
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PHOTOGRAPHS OF LONGITUDINAL 
SECTIONS OF SAMPLES 4C-00 AND 4F-00 
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f 
FIGURE 9 SCHEMATIC SKETCH OF SAMPLE SECTIONS FROM 4C-A-00 
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4C-A-00 4F-A-00 
(Heat Sink End) 
FIGURE 40 MACROPHOTOGRAPHS OF LONGITUDINAL SECTIONS, 
SAMPLES NO. 4C AND 4F, ETCHED, 2x 
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Adjacent to Capsule 125x Center of Dense Zone 125x 
Top of Dense Zone 125x Dense - Porous Zone Interface 65x 
FIGURE 11 STRUCTURE WITHIN THE FULLY DENSE 
REGION OF SAMPLE 4C-A-00 ETCHED 
(The Heat Sink is at the Bottom of the Page) 
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a. 250x 
b. 250x 
2 T ~ P ~ C A L  STRUCTURE W ~ T ~ ~ N  THE POROUS 
REGION OF SAMPLE 4C-A-00, ETCHED 
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FIGURE 13 SCHEMATIC SKETCH OF SAMPLE SECTIONS FROM 4F-A-00 
61 Arthur D Little, Inc 
e 
8x 
FIGURE 14 LONGITUDINAL SECTION THROUGH NECKED 
PORTION OF SPECIMEN, SHOWING CONTINUITY 
OF STRUCTURE (Heat Sink End is toward Lower Left) 
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a. 250x 
b. 250x 
FIGURE 15 TYPICAL STRUCTURES WITHIN SAMPLE 4F-A-00, ETCHED 
(Note SIC Fiber in Center of Lower Picture) 
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4C-A-00 
Pore Density 
Average (1,2, and 3) 8% 
TOP (3) 5 












FIGURE 16 DISTRIBUTION OF POROSITY IN NO. 4 SAMPLES 
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FIGURE 17 PORE SIZE DISTRIBUTION FOR SAMPLE 4C-A-00 
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FIGURE 18 PORE SIZE DISTRIBUTION FOR SAMPLE 4F-A-00 
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FIGURE 19 COMPARISON OF PORE SIZE DISTRIBUTION 
BETWEEN SAMPLES 4C-A-00 AND 4F-A-00 
67 Arthur I2 LittleInc 
O0 goo 
FIGURE 20 X-RAY RADIOGRAPHS OF SAMPLE 7C 
O0 goo 
FIGURE 21 X-RAY RADIOGRAPHS OF SAMPLE 7F  
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FIGURE 22 SIDE VIEWS OF SAMPLE NO. 7C-00 AFTER 
REMOVAL FROM CAPSULE 
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70 
FIGURE 23 SIDE VIEWS OF SAMPLE NO. 7F-00 AFTER 
REMOVAL FROM CAPSULE 
Arthur D Little, Inc 
FIGURE 24 END VIEW OF SAMPLES NO. 7C-00 AND 
7F-00 AFTER REMOVAL FROM CAPSULE 
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FIGURE 25 PHOTOGRAPHS OF LONGITUDINAL SECTIONS 
OF SAMPLES 7C-00 AND 7F-00 
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FIGURE 26 SCHEMATIC SKETCH OF SAMPLE SECTIONS FROM 7C-A-00 
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7C-A-00 7 F -A-00 
(Heat Sink End) 
FIGURE 27 MACROPHOTOGRAPHS OF LONGITUDINAL SECTIONS, 
SAMPLES NO. 7C AND 7F, ETCHED, 2x 
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a) Fine Lamellar Colonies 125x 
b) "Chinese Script" 250x 
FIGURE 28 STRUCTURAL FEATURES OBSERVED IN SAMPLE 7C-A-00, ETCHED 
75 
Arthur D Little, Inc 
FIGURE 29 SCHEMATIC SKETCH OF SAMPLE SECTIONS FROM 7F-A-00 
















FIGURE 31 ROSETTE STRUCTURE OBSERVED IN SAMPLE 7F-A-00, ETCHED 
78 
Arthur D Little, Ix' 
a) Core of Rosette 65x 
b) Rosette Petal 65x 
FIGURE 32 S ~ ~ U C T U ~ E  WIT IN A ROSETTE, SAMPLE 7~-A-00, ETCHED 
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O0 goo 
FIGURE 33 X-RAY RADIOGRAPHS OF SAMPLE 86 
oo goo 
34 X-RAY RADIOGRAPHS OF SAMPLE 8F 
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FIGURE 35 SIDE VIEWS OF SAMPLE NO. 8C-00 AFTER 
REMOVAL FROM CAPSULE 
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FIGURE 36 SIDE VIEWS OF SAMPLE NO. 8F-00 AFTER 
REMOVAL FROM CAPSULE 
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FIGURE 37 END VIEWS OF SAMPLES 8C-00 AND 8F-00 
AFTER REMOVAL FROM CAPSULE 
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FIGURE 38 PHOTOGRAPHS OF LONGITUDINAL SECTION 
OF SAMPLES 8C-00 AND 8F-00 
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8C-A-00 8F-A-00 
(Heat Sink End) 
FIGURE 39 MACROPHOTOGRAPHS OF LONGITUDINAL SECTIONS, 
SAMPLES NO. 8C AND 8F, ETCHED, 2x 
85 
Arthur D Little, Inc. 
b 
N 25x 
FIGURE 40 TUNGSTEN SPHERES EMBEDDED IN EXTERNAL 
SURFACE OF SAMPLE 8C-A-00 
65x 
FIGURE 41 PRIMARY lnaBi DENDRITES PRESENT IN SAMPLE 8C-A-00 
86 
Arthur D Little, Inc. 
FIGURE 42 SCHEMATIC SKETCH OF SAMPLE SECTIONS FROM 8F-A-00 
Arthur D Little, Inc 
87 
OTOGRAPH SHOWING DISTRIBUTION OF TUNGSTEN 
SPHERES IN PORES, SAMPLE 8F-A-00 
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714-1 % 40X 
,lJ 120x714-5 
, .  
FlGUR OGRAPHS SHOWING DISTRIBUTION OF 
PLE NO. 8F-A-00 
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250x 
FIGURE 45 ALIGNED LAMELLAR EUTECTIC PRESENT 
IN AREAS OF SAMPLE 8F-A-00, ETCHED 
8x 
FIGURE 46 ROSETTE STRUCTURE OBSERVED IN SAMPLE 8F-A-00, ETCHED 
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TECHNICAL REPORT S T A N D A R D  T ITLE PAC 
POSITE CASTING DEMONSTRATION 
Cambridge, Mass. 
Contractor Report 
The objective of this program is to assist in the design and implementation of the Composite 
Casting Demonstration for the Apollo 14 mission. Both flight and control samples were eval- 
uated. 
Some conclusions resulting from a comparison of the flight and control samples are  as follows: 
I. Solidification in neither the flight nor control samples was truly directional. 
2. Apparent intermittent contact of the melt with the container in the flight samples led to 
3. There was greater uniformity, on a macro scale, of both pores and structural features in  
4. It seems quite feasible to produce enhanced dispersions of gases and dense phases in a melt 
5. A two-stage heating/cooling cycle may help directional solidification. 
6. Sample materials should be selected from materials in which the dispersant fully wets the 
matrix material. 
7. Experiments should be conducted in two modes: ( I )  where the melt is in good thermal contact 
with the container, and (2) where the melt is in a free-float condition. 
unusual nucleation and growth structures. 
the flight sample; presumably the result of the reduced gravity conditions. 
which is solidified in reduced gravity. 
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